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Abstract: In this paper, detailed properties of bent solid-core photonic
bandgap fibers (SC-PBGFs) are investigated. We propose an approximate
equivalent straight waveguide (ESW) formulation for photonic bandgap
(PBG) edges, which is convenient to see qualitatively which radiation
(centripetal or centrifugal radiation) mainly occurs and the impact of bend
losses for an operating wavelength. In particular, we show that cladding
modes induced by bending cause several complete or incomplete leaky
mode couplings with the core mode and the resultant loss peaks. Moreover,
we show that the field distributions of the cladding modes are characterized
by three distinct types for blue-edge, mid-gap, and red-edge wavelengths in
the PBG, which is explained by considering the cladding Bloch states or
resonant conditions without bending. Next, we investigate the structural
dependence of the bend losses. In particular, we demonstrate the bend-loss
dependence on the number of the cladding rings. Finally, by investigating
the impacts of the order of PBG and the core structure on the bend losses,
we discuss a tight-bending structure.
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1. Introduction

Photonic bandgap fibers (PBGFs), classified in two categories, namely, the solid-core [1] and
the air-core structure [2-7], guide light along the fiber length in the low-index defected core
region by the photonic bandgap (PBG) effect because the cladding is usually made of
periodically arranged two or three different index materials. Recently, researches have made
progress in understanding the close relation between the PBG for light with out-of-plane
propagation in solid-core photonic bandgap fibers (SC-PBGFs) [8,9], or in air-core structures
(but rather more subtle [10,11]), and the theory for anti-resonant reflecting optical waveguides
(ARROWSs) [12,13]. Anti-resonant reflection reaches the minimum value for an operating
wavelength A in which high-index rods in the cladding satisfy the modal cutoff condition,
when the rods are considered as “index-guiding waveguides” individually (resonant condition
inside rods for perpendicular direction to the propagation axis at an effective index
corresponding to the refractive index of low-index glass, where the ARROW mode’s effective
index must be near that value). On the other hand, the reflection reaches the maximum value
in the wavelength range which satisfies the anti-resonant condition in rods, thus the SC-
PBGFs support core modes at the defect.

Usually, the SC-PBGFs are realized by infiltrating high-index fluids such as liquid
crystals into air holes of index-guiding photonic crystal fibers (PCFs) [14], or by periodically
arranging Ge-doped rods in silica [15,16]. The former is expected to realize multiple useful
devices such as an electrically or thermally tunable filter and polarimeter by externally
applying an electric field or changing the temperature of the liquid crystals [17-21]. The latter,
on the other hand, can be applied to selection of lasing transition in fiber lasers [22],
suppression of Raman gain for the high-power laser delivery [23], and suppression of
amplified spontaneous emission in fiber amplifiers [24], taking advantage of its fiber-type
functionality of alternate transmission and transmission-inhibited bands.

Recently, bend losses in SC-PBGFs have attracted much attention because they might be
one of the candidates for limiting its potentials [25-30]. It has been reported experimentally
that the centripetal radiation as well as the centrifugal radiation occurs, when the fiber is bent,
at longer wavelength ranges in the PBG [26]. This anomalous property was explained by
considering the existence of the inner radiation caustic, based on the concept of the leaning of
PBG edges, which can not be seen in conventional optical fibers [25,26]. However, a further
analysis is required to understand the detailed properties of bent SC-PBGFs.

In this paper, we investigate the bending-loss properties for the SC-PBGFs through a full-
vector modal solver based on the finite element method (FEM) with the cylindrical coordinate
system [31]. We show numerically, for the first time, that the PBG edges lean with respect to
the fiber cross section, which demonstrates the validity of the assumption that was proposed in
[25,26] to explain the cause of the centripetal radiation in SC-PBGFs. In addition, we propose
an approximate equivalent straight waveguide (ESW) formulation for PBG edges, which is
convenient to see qualitatively which radiation (centripetal or centrifugal radiation) mainly
occurs [26] and the impact of bend losses for an operating wavelength. In particular, we show
that cladding modes induced by the bend cause several complete or incomplete leaky mode
couplings with the core mode and the resultant loss peaks. Moreover, we show that the field
distributions of the cladding modes are characterized by three distinct types for blue-edge,
mid-gap, and red-edge wavelengths in the PBG. We explain that the distinct characteristics of
the distributions can be understood by considering the cladding Bloch states or resonant
conditions without bending. Next, we investigate the structural dependence of the bend losses.
In particular, we show that the bending radius at which the bend loss increases drastically has
no dependence on the number of the cladding rings, which is very crucial parameter in
confinement losses. Moreover, it is shown that the bending radius value at the coupling points
between the core and cladding modes has dependence on the number of the cladding rings for
red-edge wavelength but no dependence for blue-edge and mid-gap wavelengths. Finally, by
investigating the impacts of the order of PBG and the core structure on the bend losses, we
discuss a tight-bending structure.
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Fig. 1. (a) Cross section of SC-PBGF, where d stands for diameter of high-index rods, A for
distance between adjacent rods, nyg, for refractive index of high-index rods, and ny,, for that of
low-index background. Inset shows schematic equivalent index profile by approximate ESW
formulation with bending of the fiber. (b) Dispersion curves of the fundamental mode of this
fiber for the 1st to 3rd PBGs and (c) for the 3rd PBG with enlarged illustration, respectively,
where the green color corresponds to the PBG region and the black dashed line to the silica-
core index. (d) Confinement losses as a function of wavelength for the SC-PBGF with d/A =
0.4, A =6.75 um, nyign = 1.48, niow = 1.45, and 6 cladding rings, respectively.

2. Fundamental properties of bent SC-PBGF's

Figure 1(a) shows the cross section of the SC-PBGF, whose cladding is composed of a
periodic arrangement of high-index rods in a low-index background, where d stands for the
diameter of the high-index rods, A is the distance between adjacent rods, and npigh, Riew are the
refractive indices of the high-index rods and the low-index background, respectively. We set
the origin coordinate at the central fiber cross section, x as the horizontal axis and y as the
vertical axis, respectively, as in Fig. 1(a). As one of the common SC-PBGFs, unless otherwise
specified, we choose the structural parameters as d/A = 0.4 and A = 6.75 pm, the core region
is formed by removing 1 rod, and the number of cladding rings is 6, respectively (if another
structure is considered, this will be the basis for comparison). The high-index rods of 7y, =
1.48 in the silica background of ny,, = 1.45 are realized by a Ge-doping or an infiltration of
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the high-index liquid in air holes. (The frequency dependence of refractive indices is
neglected because it is known that this has no significant impact on the results [26], while it
may cause a small amount of wavelength shift.) In Figs. 1(b) and (c), we show the dispersion
curves of the fundamental mode of this fiber for the 1st to 3rd PBGs in (b) and for the 3rd
PBG with enlarged illustration in (c), respectively, calculated by using FEM, where the green
color corresponds to the PBG region and the black dashed line to the silica-core index. The
fundamental core mode exists in the PBG region. In solid-state physics, it is well known that,
in a periodic potential, energy states split and energy gaps are generated at the Brillouin zone
boundary due to the fact that the wavenumber of an electron in a periodic potential satisfies an
arbitrary value of integral multiples of the reciprocal lattice [32]. In an analogous fashion,
PBG edges in the SC-PBGF cladding always correspond to the transverse Brillouin zone
boundary (in particular, high symmetry points [33]). In the resonant condition between PBG
edges, a permitted band (namely, photonic band) is formed by an overlap of the rod modes
which come from the resonance in high-index rods [9]. The width of the photonic band is
increased when the overlap of the tight-binding rod modes increases; in other words, the
coupling coefficient between the rod modes is increased [9,34], which is analogous to the
tight-binding theory in solid-state physics. The upper edges of photonic bands are composed
of coupled super modes with even states of the rod mode, while lower edges of photonic
bands are composed of those with odd states [34], where the behavior is similar to two weakly
coupled single-mode waveguides and also can be explained by using the Bloch theorem
because these edges always correspond to the high symmetry points of the transverse
Brillouin zone as mentioned above [33]. In general, the photonic band which resides between
PBGs is associated with LPy,, or LP,,, mode of the rods because of the large overlap for these
rod modes, while LP,,, mode (which nearly coincides with LPg,, mode), LPs,, and LP,,, modes
of the rods (which occur between LPy, and LP,, modes) just get across the PBGs without
spreading their width, despite the fact that the index-guiding rod modes already satisfy the
cut-off condition below the silica line [9,26], where m is a nonnegative integer. In Fig. 1(d),
we show the confinement losses as a function of wavelength for the 1st, 2nd and 3rd PBGs.
Because the confinement losses at the lower order PBGs are effectively high due to the larger
propagation angle of the guided modes, 3rd PBG is usually used [35]. We consider A = 0.471
pm, 0.533 pm, and 0.62 pum as blue-edge, mid-gap and red-edge wavelengths, respectively,
for the representative wavelengths in the 3rd PBG.

We consider the case that the SC-PBGF shown in Fig. 1(a) is bent leftward with a
curvature radius of R. Because the equivalent refractive index profile of the bent fiber is
determined by the approximate ESW formulation (see inset in Fig. 1(a)), expressed as

My, (X, y) = n(x, )1+ x/R) )]

where n represents the refractive index of the fiber and 7., represents the equivalent refractive
index with fiber bending, the photonic crystal cladding does not exhibit a periodicity for the
fiber cross section, which results in a destruction of the concept of the PBG. According to the
ARROW model, however, the principle of the confinement of light in the core region for the
fiber with nonperiodic cladding can be understood by the overlaps of the anti-resonant
conditions for the each high-index rod. When R decreases, on the other hand, the rods which
do not satisfy the anti-resonant condition would be produced from the cladding edge.
Accordingly, we can conclude that the “points” which do not satisfy the anti-resonant
condition become “radiation caustics”. If we impose the condition that the variations of the
equivalent refractive indices for the each rod are effectively small, we can apply the idea of a
“localized” PBG (variable PBG edge with a staircase for x) for this; that is, we replace the
anti-resonant condition, which is somewhat ambiguous, with the bandgap condition
(expressed with “edges”), which is strict in terms of the prohibit condition for penetration into
the cladding. This idea leads to the concept of the “equivalent PBG-edge profile”, proposed in
[26]. Moreover, if we take the fact into account that the PBG edge can be interpreted as the
refractive index of the cladding for step-index fibers in an analogy to conventional optical
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Fig. 2. Equivalent PBG edges as a function of x at the bend radius corresponding to the first

appearance of the complete mode coupling (discussed in Fig. 3) for (a) blue-edge and (b) red-
edge wavelengths, respectively.

Table 1. Comparison of results for gradient [1/um] of PBG edges between FEM (in Fig. 2) and approximation

(Meage/R).
A [um] R [mm] FEM approximation
0.471 187.2 7.81x10° 7.74%10°°
2.02x10° 1.98x107
0.62 73.15 (upper) (upper)
1.99x107 1.98x107
(lower) (lower)

fibers because the PBG edge provides the condition with relation to the maximum (or
minimum) permissible propagation angle for core modes in PBGFs [36,37], we can readily
accept the concept of the “equivalent PBG-edge profile”, which is analogous to the equivalent
refractive index profile in conventional optical fibers.

Figures 2(a) and (b) show the equivalent PBG edges as a function of x, calculated by
using FEM, for the blue-edge and red-edge wavelengths, respectively. The dashed line
corresponds to the effective index of the guided mode. Only the alteration of the lower PBG
edge is depicted for the blue-edge wavelength, while that of lower and higher PBG edges is
depicted for the red-edge wavelength. We can see that the PBG edges practically lean with
respect to the fiber cross section and the resultant outer radiation caustic exists for the blue-
edge wavelength while the inner radiation caustic exists for the red-edge wavelength. We note
that the equivalent cut-off V value for each rod which is expressed as

V,,=(1+x/R)V, @

where

Vzﬂd\nlgigh_nl%)w/ﬂ” 3)

is nearly independent of bending because R >> x. Therefore, the wavelength which satisfies
the antiresonant condition does not change for the rods in the fiber cross section. Moreover,
because of this fact, the floor depth of a PBG relative to the equivalent low-index silica line
(the floor depth is determined by the resonant condition in the low-index region [34]), is
considered to have low variation with respect to x because the condition may be mainly
associated with the size of the low-index region between the rods relative to wavelength. The
effective index which satisfies the antiresonant condition (or “localized” PBG), however, does
change with respect to x, which is the major factor for leaning of the PBG edges. We also note
that the equivalent relative refractive index difference A4 for each rod does not have any
dependence on R and x when the A, is defined between the average indices of the diagonal
high- and low-index profiles (inset of Fig. 1(a)), because of the following relationship:
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where Mhigheg and Mo, stand for the equivalent index derived by the approximate ESW

formulation (1), and A for the relative refractive index difference without bending. Because of
the fact that the coupling coefficients between adjacent rod modes stay about the same for the
rods with different x because both cut-off V., value and A4 do not change with bending as
mentioned above, the photonic-band width, which is determined by this coupling coefficient
[34], does not affect the PBG edge condition itself when R decreases. Therefore, by
considering these reasons, we can conclude that the equivalent PBG edges have dependence
on the horizontal fiber cross section x, with a gradient equal to n4./R, Where nqq stands for
the effective index of the PBG edge without bending. We compare the results by FEM (in Fig.
2) and this approximation in Table 1. We can clearly see the validity of this approximation.
Therefore, the approximate ESW formulation for PBG edges is given by the same formula as
that for the equivalent refractive index profiles,

Podgeeg (x)= Moo 1+ x/R) . 5)

This formulation is convenient to see qualitatively which radiation (centripetal or centrifugal
radiation) mainly occurs [26] and the impact of bend losses for an operating wavelength, as
discussed later.

In Figs. 3(a)-(c), we show the bend-radius dependence of the effective refractive indices
of the modes for the blue-edge, mid-gap, and red-edge wavelengths, respectively. When the
bend radius is effectively small, several couplings occur between the fundamental and
cladding modes as can be seen in index-guiding PCFs [38]. In Figs. 4(a)-(c), we depict the x-
component of the electric field distributions of the horizontally polarized modes at the bend
radius corresponding to the first appearance of the complete mode coupling for the blue-edge,
mid-gap, and red-edge wavelengths, respectively. It is noted that the rod modes induced by
bending are related to the LP super modes constructing the photonic bands in the cladding
which the effective index line of the guided mode crosses in Fig. 2, as reported experimentally
[26]. The rod modes consist of LP;, mode for the blue-edge and mid-gap, and LPy, mode for
the red-edge wavelength, respectively. We also note that the cladding modes for the blue-edge
and mid-gap wavelengths exist at the outer cladding with respect to the bent direction, which
is similar to the case for the index-guiding PCFs [38], because of the existence of the outer
radiation caustic as can be seen in Fig. 2(a). On the other hand, the modes for the red-edge
wavelength exist at the inner cladding with respect to the bent direction because of the
existence of the inner radiation caustic as can be seen in Fig. 2(b), contrary to the index-
guiding case. If we look to the Fig. 4, in addition to the differences in terms of the centrifugal
and centripetal radiation, we can clearly see that the characteristics of the distributions of the
cladding modes for each wavelength are quite different; that is, the intensity of the electric
field between rods is high for the blue-edge while being low for the red-edge and strongly
localized for the mid-gap wavelength. We explain this phenomenon by considering the
cladding Bloch states or resonant conditions without bending. Photonic bands which reside
between PBGs are formed due to the coupling between tight-binding rod modes in the
cladding [9,34]. At a blue edge of a PBG, the coupling state between two arbitrary rods is
even, while at a red edge of a PBG the state is odd [34], which can be understood by the
Bloch state in the cladding [33]. Because this tendency does not change drastically when SC-
PBGFs are bent due to the small variation of the equivalent refractive index profile in the
cladding, the intensity of the electric field of the modes between rods becomes non-zero at the
blue-edge wavelength and zero at the red-edge wavelength. For the mid-gap wavelength, on
the other hand, because the floor of a PBG is determined by the resonant condition in the low-
index region [34], the field is strongly localized between rods. In Fig. 5, we show the bend
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Fig. 4. x-component of electric field distributions of horizontally polarized modes at the bend
radius corresponding to the first appearance of the complete mode coupling (in Fig. 3) for the
(a) blue-edge, (b) mid-gap, and (c) red-edge wavelengths, respectively. The rod modes consist
of LP;, mode for blue-edge and mid-gap, and LPy, mode for red-edge wavelength, respectively.

losses as a function of the bend radius for the blue-edge and red-edge wavelengths in (a), and
for the mid-gap and red-edge wavelengths in (b), respectively. The bend loss for the blue-edge
wavelength becomes increasingly high with the decrement of the bend radius, which agrees
with the experimental result in [26]. This is because the effective index of the PBG edge exists
near that of the core mode for the blue-edge wavelength [26]; more precisely, due to this fact,
the resultant radiation caustic is supposed to reside near the core as in Fig. 2(a). It is noted
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Fig. 6. x-component of the electric field distributions of the horizontally polarized modes at the
loss peaks (in Fig. 5(b)) due to mode coupling between core and cladding modes for mid-gap
wavelength.

that, if we look to the bend losses for the blue-edge and mid-gap wavelengths, we can see that
the cladding modes induced by the bend cause the several high loss peaks. Some of them
correspond to the anti-crossing points in Fig. 3; on the other hand, others do not correspond to
such points, but to slight changes in the real part of the effective indices at the corresponding
bend radii. This can be interpreted as the incomplete leaky mode coupling because of the large
differences of the imaginary parts of the effective indices between the core and the cladding
modes relative to the coupling coefficient [39]. We also note that though the bend losses of
the cladding modes for the blue-edge and mid-gap wavelengths are higher than that of the
core mode, most of those for the red-edge wavelength are, on the other hand, lower than that
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Fig. 8. Bend losses as a function of bend radius for the fiber with 5 cladding rings for (a) blue-
edge and red-edge wavelengths, and for (b) mid-gap and red-edge wavelengths, respectively.

of the core mode. For this reason, the cladding modes for the red-edge wavelength do not
contribute to the loss peaks in Fig. 5. Next, we demonstrate the transition of the cladding
modes at the loss peaks for the mid-gap wavelength (because the field distributions for the
blue-edge and red-edge wavelengths are too complicated, we show those only for the mid-gap
wavelength). In Figs. 6(a)-(f), we depict the x-component of the electric field distributions of
the horizontally polarized modes at the loss peaks (in Fig. 5(b)) due to mode coupling
between the core and cladding modes for the mid-gap wavelength. For the SC-PBGFs with 6
cladding rings, there exist 5 columns of the low-index regions between rods on x-axis from
the core to the outside of the photonic crystal region. When R decreases and bend radius
attains to R = 55.68 mm, the core mode is coupled to the cladding mode localized at the 3rd
column of the low-index regions between rods from the outside of the photonic crystal region.
Because decreasing of the bend radius leads to a large gradient of the effective PBG edge,
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which results in the approach of the radiation caustic to the core, the cladding mode coupling
to the core mode also comes close to the core as seen in Figs. 6 (a)-(f). When the bend radius
attains to R = 17.0 mm, we can see the excitation of the LP;; mode as well as the LP,, mode
in the rod modes.

3. Structural, wavelength, and order of PBG dependence of bend losses

We investigate the characteristics of the bent SC-PBGFs as a function of the number of the
cladding rings. In Fig. 7, we present the bend-radius dependence of the effective refractive
indices of the modes for the structure with 5 cladding rings for the (a) blue-edge, (b) mid-gap,
and (c) red-edge wavelengths, respectively, while in Fig. 8 we show the bend losses for the
blue-edge and red-edge wavelengths in (a), and for the mid-gap and red-edge wavelengths in
(b), respectively. The fluctuations in the effective index (in Fig. 7) accompanied by the loss
peaks (in Fig. 8) are due to the incomplete leaky mode coupling because of the large
difference of the imaginary parts between the core and cladding modes. It is worth noting that
the critical bend radius below which the bend loss increases drastically is independent of the
number of cladding rings though this is very crucial parameter in confinement losses. We also
notice that the bend radii for which the cladding modes induced by the bend appear shift to
smaller values for the red-edge wavelength, as compared with Fig. 3(c). This is because the
reduction of the cladding area causes the necessary requirement to decrease the bend radius
for the presence of the radiation caustic, as shown in Fig. 9. Although this phenomenon is also
seen in the results for the blue-edge and mid-gap wavelengths, it seems that the bending
radius value at the coupling points has no dependent on the number of cladding rings for these
wavelengths. The reason for this is that, because the imaginary parts of effective indices of the
cladding modes for the blue-edge and mid-gap wavelengths are larger than that for the red-
edge wavelength as mentioned above, the mode coupling between the core and the cladding
mode does not occur due to the large incompleteness of the leaky mode coupling for both of
the fibers with 6 and 5 cladding rings when the bend radius is large (in this case, the radiation
caustic is far from the core; in other words, the coupling coefficient is low). In addition to this
fact, when the bend radius is small (in other words, the radiation caustic is near the core),
because of the fact that the alignment of the high-index rods around the core stays about the
same even if the number of the cladding rings is changed, the couplings occur on the
condition that the distance between the core and the radiation caustic is the same for these
structures. As an example, in Figs. 10(a)-(e), we depict the x-component of the electric field
distributions of the horizontally polarized modes at the loss peaks (in Fig. 8(b)) due to mode
coupling between the core and cladding modes at the mid-gap wavelength for the fiber with 5
cladding rings. In this case, there exist 4 columns of the low-index regions between rods on x-
axis from the core to the outside of the photonic crystal region. When R = 39.46 mm, the
coupling occurs between the core and the cladding mode localized at the 3rd column of the
low-index regions between rods from the outside of the photonic crystal region which
corresponds to the case at R = 55.68 mm for the 6-cladding-rings fiber (see Fig. 6). This bend
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Fig. 10. x-component of the electric field distributions of the horizontally polarized modes at
the loss peaks (in Fig. 8(b)) due to mode coupling between core and cladding modes for mid-
gap wavelength for the 5-cladding-rings SC-PBGF with d/A = 0.4 and A = 6.75 pm (same as
Fig. 6 except for the number of the cladding rings).
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Fig. 11. Bend losses as a function of bend radius for the fiber with 8 cladding rings for (a)
blue-edge and (b) mid-gap wavelengths. The bend losses for 6 cladding rings (shown in Fig. 5)
are also shown with dotted curves as a reference.

radius for the 5-cladding-rings fiber is smaller than that for the 6-cladding-rings fiber as
mentioned above. In this case, however, because the distance between the core and the region
at which the cladding mode is localized is corresponding to the case at R = 39.5 mm for the 6-
cladding-rings fiber, the bend radius stays about the same for Fig. 10(a) and Fig. 6(b).

We should comment on the concern that increment of the number of cladding rings may
lead to the high bend losses due to the effect of cladding modes as mentioned in [29]. As an
example, in Fig. 11 we present the bend losses as a function of the bend radius for the fiber
with 8 cladding rings at the (a) blue-edge and (b) mid-gap wavelengths, respectively. We can
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Fig. 13. Bend losses as a function of bend radius for the fibers with d/A = 0.4, A = 6.75 pm, 7
cell core and 5 cladding rings (solid black curve), and with d/A = 0.56, A = 13.5 pum, 1 cell core

and 6 cladding rings (dashed blue curve) at A = 1.5 um (mid-gap wavelength of the fibers). The
core radius relative to wavelength is almost identical for the fibers. As a reference, bend losses

for the fibers with d/A = 0.4, A = 6.75 um, 1 cell core and 6 cladding rings (dashed black

curve), and with d/A = 0.56, A = 13.5 um, 7 cell core and 5 cladding rings (solid blue curve)
are also depicted at the same time.

clearly see that the bend losses oscillate for the variation of bend radius though the critical
bend radius is still independent on the number of cladding rings. This oscillation may be
caused by the following reason: A fiber with a large number of cladding rings supports
additional cladding modes and also reduces the imaginary part of the effective index of the
modes. Accordingly, leaky mode couplings between the core and cladding modes occur
multiple times. In this case, the conservation of the bend radius at which cladding modes
appear for changing of the number of cladding rings in the blue-edge and mid-gap
wavelengths, as mentioned above, is not applicable.

Next, we investigate the order of PBG dependence of the bend losses for the SC-PBGFs.
We consider A = 0.533 um, 0.83 um, and 1.5 pum as the mid-gap wavelengths for the 3rd, 2nd,
and Ist PBGs, respectively. Figure 12(a) shows the bend losses as a function of the bend
radius at the mid-gap wavelengths of the Ist, 2nd and 3rd PBGs for the SC-PBGFs with 6
cladding rings. The bend loss for the 2nd PBG is comparatively high because the photonic
band which resides between 2nd and 3rd PBGs consists of the coupling system of the LP, rod
modes [26]. Though the critical bend radius is almost the same for the Ist and 3rd PBGs,
several bend-loss peaks exist for the 3rd PBG. In Fig. 12(b), we present the bend losses as a
function of the bend radius at the mid-gap wavelengths for the SC-PBGFs with 7 cell core
(the core is formed by removing 7 high-index rods) and 5 cladding rings (to keep the cladding
region when compared to the fiber with 1 cell core and 6 cladding rings). The decrement of
the propagation angle to the fiber axis of the core mode (in other words, increment of the
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effective index) due to the enlargement of the core radius leads to the betterment of bending
characteristics. In particular, it is worth noting that the critical bend radius for the 1st PBG is
drastically reduced. This result is associated with the fact that the floor depth of 1st PBG is
larger than that of 3rd PBG [26] and the large betterment of the decrement of the propagation
angle for the 1st PBG.

Actually, in most situations, there is an issue; which structure has advantages in terms of
low bend losses. In order to obtain the solution, it is required to compare structures having
constant core radii relative to wavelength, by setting the operating wavelength and effective
core area, because the elimination of the effect of the core radius on bending losses is
important, and these values tend to be requested in advance in most situations. We investigate
which order of PBGs has the advantage in terms of low bending losses (we assume the case
that the value of A is constant). In Fig. 13, we show the bend losses as a function of the bend
radius at A = 1.5 um for the fibers with d/A = 0.4, A = 6.75 um, 7 cell core and 5 cladding
rings (solid black curve) whose mid-gap wavelength of the 1st PBG is set at A = 1.5 um, and
with d/A = 0.56, A = 13.5 pm, 1 cell core and 6 cladding rings (dashed blue curve) whose
mid-gap wavelength of the 3rd PBG is set at A = 1.5 um. The core radius relative to
wavelength is almost identical for these fibers (the cladding region is, however, quite different
for these fibers because, in general, the use of 3rd PBG leads to thicker fibers due to the large
pitch). As a reference, the bend losses for the fibers with d/A = 0.4, A = 6.75 um, 1 cell core
and 6 cladding rings (dashed black curve), and with d/A = 0.56, A = 13.5 pm, 7 cell core and
5 cladding rings (solid blue curve) are also depicted at the same time. We can clearly see that
the critical bend radius for the structure using the 1st PBG with 7 cell core is smaller when
compared to the structure using the 3rd PBG with 1 cell core (or even with 7 cell core). This
result is associated with the fact that the floor depth of the 1st PBG is larger than that of the
3rd PBG as mentioned above. Actually, a 7-cell-core SC-PBGF, however, operates in multi-
moded. In order to take advantage of this structure, there is a necessary requirement that the
SC-PBGF operates in single-moded at the 1st PBG without degradation of the bending
property such as a critical bend radius. We are now under constructing such a SC-PBGF and
the concept of the totally novel SC-PBGF will be discussed elsewhere. Additional
investigations for impacts of structural parameters on the bending losses are presented in the
appendix.

4. Conclusions

In this work, the PBG-edges alteration with respect to the fiber cross section was numerically
investigated, to the best of our knowledge, for the first time in bent SC-PBGFs. We have
shown that the PBG edges lean with respect to the fiber cross section, which demonstrates the
validity of the assumption that was proposed in [25,26] to explain the cause of the centripetal
radiation in SC-PBGFs. We developed an approximate ESW formulation for PBG edges. We
have shown that cladding modes induced by the bend cause several complete or incomplete
leaky mode couplings with the core mode and the resultant loss peaks. Moreover, we have
shown that the field distributions of the cladding modes are characterized by three distinct
types for blue-edge, mid-gap, and red-edge wavelengths in the PBG, which can be understood
by considering the cladding Bloch states or resonant conditions without bends. Next, we have
investigated the structural dependence of the bend losses. In particular, we have shown that
the bending radius at which the bend loss increases drastically has no dependence on the
number of the cladding rings, though this is very crucial parameter in confinement losses.
Moreover, it has been shown that the bending radius value at the coupling points between the
core and cladding modes has dependence on the number of the cladding rings for red-edge
wavelength but no dependence for blue-edge and mid-gap wavelengths. Finally, by
investigating the impacts of the order of PBG and the core structure on the bend losses, we
discussed a tight-bending structure.
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Appendix - significance of structural parameters

In this work, we have considered the SC-PBGF with the particular structural parameters as the
basis for comparison. Here, we demonstrate whether a determination of the pair for the value

of d/A and A affects the bend losses or not. According to the ARROW theory [8], this pair
should be chosen as satisfying the constant value of (d/ A)qun;igh —n,,, if the order of

operating PBG is invariant (we consider the case that A is constant). In Fig. 14, we show the
pair (d/A, A) dependence of the bend losses for the mid-gap wavelength of the (a) 3rd PBG for
the 1 cell-core structure, (b) 1st PBG for the 1 cell-core structure, and (c) 1st PBG for the 7
cell-core structure. In order to eliminate the effect of the core radius on bending losses, the
core radius is constant relative to wavelength in each figure. We note that the critical bend
radius is drastically changed by slightly varying the value of d/A and A, while the effective
indices of the core modes without bending and the PBG edges for each core structure and
wavelength remain almost the same (the differences are about 10™ and 10™, respectively).
This implies that, by selecting the appropriate value of the pair, an improvement of the
bending properties is possible without changing the other fiber properties, though we believe
the further investigation is needed to see this in detail. In addition to this, the investigation for

the degree of accuracy of theoretical formula of Eq. (2) in Ref. [26] is also an issue in the
future.
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Fig. 14. Comparison of bend losses as a function of bend radius for the d/A = 0.4, nyig, = 1.48
and d/A = 0.35, nyign = 1.49 at the mid-gap wavelength of (a) 3rd PBG for 1 cell-core structure,
(b) Ist PBG for 1 cell-core structure, and (c) 1st PBG for 7 cell-core structure. The pitch for
both structures is A = 6.75 pm.
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